A programmable optical stimulator for Drosophila eyes is presented. The target application of the stimulator is to induce retinal degeneration in fly photoreceptor cells by exposing them to light in a controlled manner. The goal of this work is to obtain a reproducible system for studying age-related changes in susceptibility to environmental ocular stress. The stimulator uses light emitting diodes and an embedded computer to control illuminance, color (blue or red) and duration in two independent chambers. Further, the stimulator is equipped with
Hardware in Context
Light is essential for vision, and is sensed by a specialized light-sensitive layer of tissue in the eye, the retina, that sends visual information through the optic nerve to the brain. Notably, light functions as both a signal and as an environmental stress that can induce retinal degeneration under specific conditions or in particular genotypes [1] . Specialized neurons, called photoreceptor neurons, sense light in the retina and convey information to the brain. Given that photoreceptor neurons have the same lifespan as the organism and do not regenerate, cumulative exposure to light occurs with age. Light exposure is required for vision, but because it can induce retinal degeneration, it also plays a role in eye disease, a role that is more pronounced as the eye ages.
Advanced age is a major risk factor for ocular diseases such as age-related macular degeneration, glaucoma, and diabetic retinopathy [2, 3, 4] . The incidence of blindness and low vision increases rapidly with age, and persons older to 12 hours in Petri dishes. Blue light was generated using tungsten bulbs and optical band-pass filters. Subsequent studies determined that the threshold for blue light-induced retinal degeneration in white-eyed flies was 20 log quanta/cm 2 for single flies subjected to intense light stimulus from a 100 W Mercury vapor arc lamp for 30 s [7] . In [8] pulsed blue light was used in retinal stimulation studies. Blue light was generated using a 300 W xenon/mercury lamp and a optical band-pass filter.
The development of blue light-emitting diodes (LEDs) provided a new light source with high efficiency, narrow emission spectra and small form factor. Blue
LEDs have been used to optically stimulate retinal cells of flies [9] and mice [10, 11, 12] . In each of these studies, custom-made LED-based stimulators were fabricated and used. However, these stimulators had only basic functionality to blue light at ∼7900 lux for 8 hours. However, flies exposed to red light of similar intensity and duration showed no retinal damage. Hence, the presented stimulator can be used to create environmental ocular stress using blue light.
Background
Drosophila have eyes that are composed of approximately 750 units known as ommatidia (Fig. 1) . Each ommatidium contains 20 cells including 8 photoreceptor neurons called R cells (R1 -R8). Each R cell expresses a membranelocalized protein, Rhodopsin, which functions to sense light. Rhodopsins are highly conserved as light-sensors in both insects and in vertebrates. Rhodopsin or red photon is required to convert metaRh1 back to Rh1 [16] . Thus, prolonged exposure to blue light causes endocytosis and degradation of metaRh1 since the metaRh1 cannot be converted back to Rh1 [17, 9] . In contrast, under normal white light conditions, metaRh1 is readily converted back to Rh1. Both the calcium influx and endocytosis of metaRh1 caused by prolonged exposure to blue light induce retinal degeneration in Drosophila photoreceptors [8, 18] .
Thus, exposing Drosophila to blue light provides a controlled system to study the process of light stress-induced retinal degeneration and to identify factors that protect photoreceptors from damage.
Hardware Description
This section describes the design and fabrication process of the programmable optical stimulator for Drosophila. The design process started with a list of technical requirements set by the target application and feedback from end users regarding user interface and functionality. Based on these requirements an architecture for the stimulator was chosen. Specific components and devices were then sized and selected.
Design Requirements
The following design requirements were identified:
1. To increase the number of flies that can be exposed to light stress in each experiment, the stimulator should be able to work with standard fly vials that can hold between 50 and 100 flies. This conformational change can be reversed by absorption of an orange or red photon, and this process usually occurs rapidly in the presence of white light. However, prolonged exposure to blue light in the absence of orange or red wavelengths results in accumulation of metaRh1, inducing calcium influx into the photoreceptor and continual light signaling. Over time, this continual light signaling in the presence of blue light can be downregulated by removing metaRh1 through the process of endocytosis, in which the plasma membrane containing the receptor is engulfed into the interior of the cell, thus removing metaRh1 from the rhabdomere. Photoreceptors R7 and R8 express different Rhodopsin proteins and respond to different wavelengths of light.
4. The user should be able to vary the light intensity from maximum intensity to zero intensity.
5. The device should be able to stimulate two vials simultaneously. The stimulation parameters for each vial, such as color, duration and intensity, should be set independently for each vial. The second vial will be used to run parallel or control experiments. Control experiments with opposite or no stimuli are necessary to isolate the effects that wavelength, light intensity and stimulation duration might have on the phenotype being assessed.
6. The stimulator should have a light sensor to provide feedback to the user and to monitor light stability during prolonged experiments.
7. Temperature must be monitored and controlled within 22
• C and 28
• C to prevent heat-induced stress response [20, 21] . 
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where, A is the illuminated area and I v is the luminous intensity across the solid
angle Ω. E v is expressed in lux when I v is expressed in candela (cd) and Ω in steradians (sr) and A in square meters. The solid angle can be estimated from the 50% viewing angle (θ) as follows:
Replacing (2) in (1) yields the following expression for the illuminance:
The power density or power per unit area emitted by a single LED, P led , can then be calculated from the illuminance using the following equation:
where, V M (λ) is the spectral luminous efficiency function for photopic vision.
This function describes the average spectral sensitivity of the human visual system. It has a maximum of 1.0 at a wavelength of 555 nm. At a wavelength of 465 nm, V M (λ) = 0.0818. Replacing (3) in (4) yields:
For the selected LEDs, I v = 1.2 cd and θ = 120
• . Considering a cylindrical chamber with 9.5 cm of internal diameter and a height of 12 cm, the illuminated area becomes 358.14 cm 2 . Hence, P led = 188.3 µW/cm 2 . The luminous flux is defined as Φ v = I v × Ω. Hence, the luminous flux of a single LED can be estimated to be 3.77 lumen (lm). The number of blue LEDs needed in each chamber can be estimated from the threshold for retinal degeneration.
Previous studies have established that the threshold for retinal degeneration is 20 log quanta/cm 2 [7] . A log quanta/cm 2 is defined as follows:
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where, P thr is the minimum power per unit area that causes retinal degeneration in T stim time. E ph is the energy per photon and is equal to hc/λ, where h is Planck's constant, c is the speed of light and λ is the photons' wavelength.
Replacing (7) in (6) and solving for P thr yields:
The number of blue LEDs, K, needed in each chamber to achieve the threshold for retinal degeneration is therefore equal to:
Considering one hour to be the shortest stimulation time, photons with a wavelength of 465 nm and 20 log quanta/cm 2 , equation (8) gives P thr = 11.9 mW/cm 2 . Hence, the required number of blue LEDs is 63.05. In the fabricated programmable optical stimulator, a total of 64 of these LEDs per chamber are
employed. An equal number of red multi-die LEDs (5050-R1200) are employed.
The 5050-R1200 comprises three red LED dies in a single 5 mm × 5 mm × 1.6 mm package. This LED has a nominal luminous intensity of 1.2 cd at 20 mA, an emission centered at 625 nm and a 50% viewing angle of 120
. Hence, each chamber contains 128 blue and red LEDs.
Circuit Design
The LEDs are grouped in groups of 16 LEDs (8 blue and 8 red) and assem- 
Using (10) 14 .
CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/147389 doi: bioRxiv preprint first posted online Jun. 7, 2017; embedded computer which is also shared by the light and temperature sensors.
The temperature sensor employed is the MCP9808 from Microchip. This sensor can measure temperature in the -40
• C to +125
• C with an accuracy of 0.25 • C
[27], which is sufficient for the requirements of our application. The light sensor is the TSL2561 from TAOS. This sensor has a broadband photodiode sensitive to visible and infrared light and a second photodiode sensitive only to infrared light. The current output of these two photodiodes are converted to digital and sent to the embedded computer over the I 2 C bus where an empirical formula, that approximates the spectral luminous efficiency function for photopic vision is used to calculate the illuminance in units of lux [28] .
The voltage regulator steps down the 12 V from the power supply to the 3. The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/147389 doi: bioRxiv preprint first posted online Jun. 7, 2017; the chambers to levels that will induce the heat shock stress response in flies. This is undesirable for the experiments since it could interfere with the analysis of retinal degeneration and/or cause the flies to die.
To keep the temperature inside the chambers within an acceptable range, active cooling using forced air flow is used. The required air flow, F a , to keep the temperature inside the chamber below T o
• C can be calculated using the following equation [29] :
where, H c is the heat generated inside the chamber in Watts, ρ is the density of air, c p is the specific heat of air and T r is the air temperature outside the chamber (typically room temperature). Replacing the numerical values of H c = 11.38
yields an air flow rate of 1.57 × 10 −3 m 3 /s or 4 cubic feet per minute (CFM).
An off-the-shelf fan with an air flow of 5.7 CFM is used and provides enough air flow to cool down the air in each chamber. When the LEDs are not working at maximum intensity, less heat is generated and the fans should be turned off to prevent the temperature inside the chambers to drop below about 20
• C. Extreme temperatures (both high and low) can induce stress responses in Drosophila [30] . To accomplish this requirement, each fan is independently controlled by the embedded computer via a MOSFET transistor. When the temperature inside a chamber exceeds 24.5
• C, the embedded computer turns on the corresponding fan. Likewise, if the temperature drops below 23.5
• C, the fan is turned off.
Enclosure
An custom enclosure to house the different components of the programmable optical stimulator was fabricated. The enclosure was fabricated using 3D printed parts and laser-cut acrylic pieces. A lid on each chamber permits loading and unloading of fly vials while blocking ambient light during stimulation. The chamber design allows air to flow underneath the lid through holes under the
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A five-inch LCD display with 800×480 pixel resolution serves as the screen of the embedded computer. Two USB connectors on the front and one on the back of the enclosure provide connectivity for a keyboard, mouse and a WiFi dongle. An Ethernet connector is installed on the back of the enclosure to allow connection to an Ethernet network.
Software
A computer program that controls the LED brightness, reads the sensors' outputs, interacts with the user and records events was developed. This program was written in the Python programming language and runs on the embedded computer. The user interface was created using curses, which is a programming 
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Design files
1. LED board.zip: contains the Gerber files needed to fabricate the LED board.
2. Pi2GPIO board.zip: contains the Gerber files needed to fabricate the Pi2GPIO board.
3. regulator board.zip: contains the Gerber files needed to fabricate the regulator board.
4. STL.zip: contains the .STL files required to 3D print the parts needed to build the stimulator's enclosure.
Bill of Materials
The bill of materials includes (BOM) over 40 different items. To improve the clarity of this article, the BOM is provided as the accompanying file:
bill of materials.ods. The second column in the BOM is a label that uniquely designates each component. This label is used in the build instructions and schematic diagrams. The BOM also provides a link to online vendors where components can be acquired from. The total cost of parts for the device is USD 757.04.
Build Instructions
The Drosophila Optical Stimulator is composed of several electronic components housed in a custom-made enclosure. The electronic components are organized in custom and commercially-available electronic boards. There are three custom board designs: LED board, Pi2GPIO board and regulator board.
The location of the Gerber files needed to fabricate these boards are provided in Section 3. These boards can be fabricated through a PCB manufacturing company [31] . Sixteen copies of the LED board design are required. One copy of the Pi2GPIO board and the regulator board are needed. After the boards are fabricated, they must be populated with the corresponding electronic compo- 
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/147389 doi: bioRxiv preprint first posted online Jun. 7, 2017; (LUX1) to 0x49, the address of the light sensor for chamber 2 (LUX2) to 0x39, the address of the temperature sensor for chamber 1 (TEMP1) to 0x19 and the address of the temperature sensor for chamber 2 (TEMP2) to 0x18. Instructions on how to set the addresses of these sensors can be found online [32, 33] . Red wires carry 12 V, orange wires carry 3.3 V and purple wires carry 5 V.
While Fig. 7 shows all the electrical connections as reference. During assembly these connections will have to be made in a particular order as explained below.
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1. Fabricate the chamber lid. A lid is made out of two parts: the knob (lid knob.stl) and the lid body (chamber lid.stl). Print out these two parts and insert the knob into the lid body (see Fig. 8 (1) ). Repeat this step to fabricate lids for both chambers. Fig. 8 (2) . Repeat this step to fabricate the bodies for both chambers.
3. Print the chamber base (chamber base.stl). Solder wires to the SDA, SCL, Gnd and Vdd terminals of the temperature and light sensors (LUX1 and TEMP1 for chamber 1 and LUX2 and TEMP2 for chamber 2). The length of these wires should be 20 cm for connection to the Pi2GPIO board later on. Insert the sensor boards in the corresponding slots in the chamber base as shown in Fig. 8 (3) . Repeat this step to fabricate the bases for both chambers.
4. Screw the chamber bases to the acrylic support plate using screws and locknuts. The cut-out shape for the acrylic support plate is piece 5 in panel1.dxf. Figure 9 (4) shows the cut out shapes for the acrylic panels.
The numbers identify a piece within a panel. The .dxf files can be loaded to a laser cutter. Acrylic panels are item 21 in the BOM.
Mount the chamber bodies into their corresponding bases and insert screws 25
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6. Print the fan chambers (fan chamber.stl) and attach them to the acrylic support plate using screws and locknuts. Solder 20 cm wires to the fans FAN1 and FAN2 (item 29 in the BOM) and install them on the fan chamber using screws. 9. Using screws and locknuts, attach the LCD screen to plexiglass piece 5 in panel2.dxf and then screw the plexiglass piece to the rest of the device.
10. Print the regulator board holder from file regulator holder.stl and screw it to the device body as shown in Fig. 8 (10) . Solder the wires that go from the regulator board to the Pi2GPIO board and to the LED boards. Mount the regulator board onto its 3D printed holder by press fitting it into the holder.
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Operation Instructions
Before using the stimulator we need to install support libraries that will allow the application software to access the GPIO pins and the I 2 C of the Raspberry 
Log files will be created in this directory. The name of the log files have the following structure: log yyyy mm dd hh mm.txt, where yyyy will be replaced by the year, mm by the month, dd by the day, hh by the hour and mm by the minute the stimulator control program was started. To run the stimulator control program, issue the following command from the Terminal window:
sudo python chamber.py -a
The screen shown in Fig. 5 will appear. To set stimulation parameters, such as stimulation time, light intensity, color and to turn on or off the LEDs, press 1 for chamber 1 or 2 for chamber 2. A menu will appear on the lower part of the screen. Follow the menu instructions to set the stimulation parameters. Enter on the Terminal window. Figure 10 shows the fabricated Drosophila Optical Stimulator. The stimulator was characterized and used to assess blue light-induced retinal degeneration in Drosophila. This section presents the characterization and experimental results.
Validation and Characterization
In the first characterization test the temperature behavior of the stimulator was evaluated for different LED current levels. Figure 11 shows the output 30 . However, the illuminance stabilizes as the temperature in the chamber reaches a steady-state value.
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The steady-state temperature value was recorded for each chamber as the LED current was varied from 20% to 100% of I max . The measurements were repeated three times for each LED current level to verify the repeatability of the measurements. Before each repetition the chambers were allowed to cool down to room temperature. Figure 12 shows the average steady-state temperature over the three repetitions as the height of the bars for both the left and right chambers and for blue and red light. The error bars denote the maxi-
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• C at 100% LED current. Although this temperature is a bit higher than the value established in the design requirements, is not of sufficient magnitude to induce heat shock in the flies. Figure 13 shows the illuminance inside the chambers for blue and red as measured by the light sensors as the LED current is varied from 0% to 100% of I max . Figure 13 (A) shows the illuminance for the blue LEDs while Fig.   13 (B) shows the illuminance for the red LEDs. Notably, there is an almost linear relationship between the illuminance and the current through the LEDs.
The illuminance read by the left chamber sensor is consistently lower than the illuminance read by the right chamber sensor when the red LEDs are on ( Fig.   13 (B) ). This difference is due to different sensitivity to red light between the photodiodes in the light sensors. To verify this difference the optical power inside the chambers was measured as a function of LED current using the S120C calibrated optical power sensor from Thorlabs. The measured optical power was divided by the power sensor detector area to obtain the power density. 
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Biological Experiments
The fabricated programmable optical stimulator was used to establish a protocol for assessing blue light-induced retinal degeneration in young flies (Drosophila melanogaster). To do this, we used male w 1118 flies that lack eye pigment but are otherwise wild type, and are a standard model system for studying visual function and retinal degeneration . We collected newly eclosed (hatched from pupal cases) male flies and aged these for 6 days in 12 hours of light (∼15 Data is shown as mean ± standard deviation.
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• C, washed 4 times in PBST, and mounted in 2XPBS containing 70% sorbitol (w/v) (S1876, Sigma-Aldrich Co.). Laser scanning confocal imaging was performed using a Zeiss LSM710 confocal microscope. Images were collected using Plan-Apochromat 63×/1.4 Oil at Z-stack step size of 1 µm. Rhabdomere loss was quantified using the stacked images to assess retinal degeneration. To test if the blue light produced using the fabricated optical stimulator induces retinal degeneration in flies treated using our protocol, we examined rhabdomere loss as an indicator of photoreceptor loss, and therefore retinal degeneration. When flies were exposed to 8 hours of blue light at 7949 lux, equivalent to 20.12 log quanta/cm 2 , we consistently observed high levels of retinal degeneration as shown in Fig. 14 (C, blue) . Whereas the dark control flies have well organized retinas with intact rhabdomeres in all ommatidia, as demonstrated by phalloidin and Rhodopsin 1 staining, the blue light-exposed flies show strong loss of rhabdomeres across multiple ommatidia in the retina.
We quantified this rhabdomere loss by analyzing retinas from 4 independent biological experiments each consisting of 5 individual flies, and showed that 62%
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. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/147389 doi: bioRxiv preprint first posted online Jun. 7, 2017; of R1 -R6 cells undergo cell death following blue light exposure relative to less than 1% of cells in the dark control (Fig. 14 (D) ). To test if the retinal degeneration induced by blue light was specific to this wavelength, or was a consequence of the high intensity used in this experiment, we exposed a second group of flies to red light for 8 hours at an intensity of 7994 lux. Strikingly, the red light-exposed flies do not show any significant loss of rhabdomeres (Fig. 14 (C) and (D)), and have less than 1% of rhabdomere loss, similar to the level observed in the dark control. Based on these data, we conclude that the fabricated programmable optical stimulator induces retinal degeneration in flies treated with blue light using our protocol, and that this retinal degeneration results from the wavelength rather than intensity of light used.
Conclusions
A programmable optical stimulator for Drosophila fly eyes has been presented. The stimulator uses LEDs and an embedded computer to control illuminance, wavelength (blue or red) and duration in two independent chambers. Furthermore, the stimulator is equipped with per-chamber light and temperature sensors and a fan to monitor light intensity and to control temperature. An ON/OFF temperature control implemented on the embedded computer keeps the temperature inside the chambers around 28
• C to avoid heat shocking the flies. A custom enclosure was fabricated to house the electronic components of the stimulator, provide a light-impermeable that allows air flow environment and to allow users to easily load and unload fly vials. The performance of the stimulator was characterized. Characterization results show that the fabricated stimulator can produce light at illuminances ranging from 0 to 16000 lux and power density levels from 0 to 7.2 mW/cm 2 for blue light. For red light the maximum illuminance is 8000 lux which corresponds to a power density of 2.54 mW/cm 2 . The fans and the ON/OFF temperature control are able to keep the temperature inside the chambers below 28.17
• C. Finally, biological experiments with white-eye flies were performed to assess the ability of the fabricated device
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